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The induction of anthocyanin synthesis and anthocyanin biosyn- 
thetic gene expression in detached petunia (Petunia hybrida) corol- 
Ias by gibberellic acid (CA,) requires sucrose. Neither sucrose nor 
GA, alone can induce these processes. W e  found that CA, enhances 
sucrose uptake by 20 to 30%, and we tested whether this is the 
mechanism by which the hormone induces gene expression. Chang- 
ing the intracellular level of sucrose with the inhibitors 
p-chloromercuribenzenesulfonic acid and vanadate did not inhibit 
the induction of chalcone synthase gene (chs) expression by GA,. 
Crowing detached corollas in various sucrose concentrations did 
not affect the induction of the gene but did affect its level of 
expression and the level of anthocyanin accumulated. Only meta- 
bolic sugars promoted GA,-induced anthocyanin accumulation. 
Mannitol and sorbitol had no effect and 3-Omethylglucose only 
slightly promoted chs expression and anthocyanin accumulation. 
Our results do not support the suggestion that sugars act as specific 
signals in the activation of anthocyanin biosynthetic gene expres- 
sion during petunia corolla development. W e  suggest that sugars are 
essential as general sources of carbohydrates for carbon metabo- 
lism, upon which the induction of pigmentation is dependent. 

Flowers of most plants are heterotrophic and require 
imported carbohydrates for their development. In most 
cases, Suc is transported to the flower from leaves or stor- 
age organs. The flower bud is a major sink for assimilates 
under favorable growth conditions, whereas a shortage of 
carbohydrates often leads to the arrest of flower develop- 
ment (Halevy, 1987). The role of sugars in flower develop- 
ment is multifunctional: they can act as energy sources, as 
osmotic regulators, and as precursors for metabolic pro- 
cesses (Kuiper et al., 1991). 

Sugars play a central role in the regulation of petunia 
(Petunia hybrida) flower development, which requires both 
SUC and GA. Normal development and pigmentation of 
detached, intact petunia flowers can proceed only when 
SUC is supplied (Weiss et al., 1995). However, when the 
anthers are removed from the flowers, growth and antho- 
cyanin accumulation are inhibited. These processes are 
restored upon application of GA, (Weiss and Halevy, 
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1989). When detached corollas are grown in vitro, they 
elongate and become pigmented only in the presence of 
both SUC and GA, (Weiss et al., 1992). The induction of 
corolla pigmentation results from the activation of antho- 
cyanin biosynthetic genes, including chs, the chalcone- 
flavanone isomerase gene, the dihydroflavonol4-reductase 
gene, and the anthocyanidin synthase gene (Weiss et al., 
1993, 1995). The promotive effect of GA, and SUC is not 
exclusive to anthocyanin biosynthetic genes; it also in- 
cludes other general metabolic genes in the corolla such as 
the triose-P isomerase gene (Ben-Nissan and Weiss, 1995) 
and the S-adenosylmethionine synthetase gene (Izhaki et 
al., 1996). We found that Glc but not mannitol can replace 
SUC in the induction of chs expression (Weiss et al., 1992). 
We therefore propose that sugars are required as a carbo- 
hydrate source for general carbon metabolism, the latter 
being essential for these processes. 

Suc may also induce chs expression directly. Tsukaya et 
al. (1991) showed that sugars induce the transcription of 
the petunia chs-A gene in transgenic Arabidopsis and sug- 
gested that chs expression in petunia flowers is regulated 
by the intracellular level of sugars. Since our previous 
results showed that SUC alone does not induce chs expres- 
sion and anthocyanin synthesis, but requires the presence 
of GA,, we examined the possibility that GA, promotes SUC 
uptake by the detached corollas and that sugar activates 
gene expression directly. Induction of SUC uptake by GA, 
has been found in severa1 flowers, including rose (Kuiper 
et al., 1991) and tulip (Lukaszewska, 1995), as well as in 
subhooks of etiolated pea (Pisum sativum) seedlings (Miy- 
amoto et al., 1993). In the present work we examined the 
effect of GA, on sugar uptake by detached petunia corollas 
and studied the role of sugar in GA,-induced anthocyanin 
synthesis and chs expression. 

MATERIALS AND METHODS 

Petunia (Petunia hybrida) plants were grown under nor- 
mal greenhouse conditions. The VR hybrid (V23 X R51) 
was used throughout the experiments. Flower develop- 
ment was divided into seven stages (Weiss and Halevy, 
1989); flower buds used for this study were at developmen- 
tal stage 3 (corollas of 1.4-1.7 cm in length). 

Abbreviations: chs, chalcone synthase gene; PCMBS, 
p-chloromercuribenzenesulfonic acid. 
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In Vitro Culture of Corollas and 
Anthocyanin Determination 

Corollas were detached and separated from the anthers, 
and the limbs were grown in vitro, as described previously 
(Weiss and Halevy, 1989). Corolla limbs were grown in 
tubes containing 5 mL of 150 mM solutions of each of the 
various sugars (as specified in "Results") in deionized wa- 
ter, with or without the addition of GA, (Sigma) and the 
inhibitors PCMBS (Sigma) and vanadate (Aldrich). Corolla 
pigmentation was quantified by measuring the aniount of 
anthocyanins, as described previously (Weiss and Halevy, 
1989). 

RNA Extraction and Northern Blot Analysis 

Total RNA was extracted from corolla limbs according to 
the method of van Tunen et al. (1988). RNA (10 pg) was 
size-fractionated on a formaldehyde-denaturating agarose 
gel (Maniatis et al., 1982) and blotted onto a Hybond-N+ 
filter (Amersham, UK). Following electrophoresis, the 
formaldehyde gel was briefly stained with ethidium bro- 
mide and photographed before blotting to ensure that 
equal amounts of RNA had been used for each sample. The 
blots were hybridized with 32P-labeled, full-size petunia 
cDNA probes for chs (Koes et al., 1986). Following hybrid- 
ization, the blots were washed twice with 0.3 M NaC1, 30 
mM sodium citrate, pH 7.0 (2X SSC), and 0.1% (w/v) SDS 
at 60°C for 10 min and then autoradiographed. 

Sugar Uptake by Excised Corollas 

Detached corolla limbs were incubated in a 150 mM Suc 
solution, as described previously (Weiss and Halevy, 1989). 
After 24 h, [14C]Suc, [14C]Gl~, or [14C]mannitol (Amer- 
sham, UK) at a specific activity of 33 MBq mo1-l was 
added to a final activity of 7.4 kBq mL-l. Hormones or 
inhibitors were added 2 h later. Samples were taken peri- 
odically and washed three times for 5 min each with the 
appropriate sugar solution at 150 mM. Corollas were ex- 
tracted in 0.5 mL of tissue solubilizer (Soluene 350, 
Hewlett-Packard) for 72 h, after which radioactivity was 
measured as described previously (Weiss and Halevy, 
1989). 

RESULTS 

SUC 1s Required for CA,-lnduced Anthocyanin Synthesis 

We previously showed that SUC is required for the acti- 
vation of chs expression by GA, (Weiss et al., 1992). To 
study whether SUC is also required for the induction of 
anthocyanin accumulation by the hormone, we detached 
corollas at stage 3 and incubated them in water, 10 p~ GA,, 
150 mM SUC, or SUC with GA,. After 48 h, tissues were 
extracted for anthocyanin determination. 

Incubation of detached corollas in water, SUC alone, or 
GA, alone had no effect on anthocyanin content (Fig. 1). 
However, when GA, and SUC were supplied together, a 
high level of anthocyanin, about 4 times that found 
with the other treatments, was observed. These results 
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Figure 1. Anthocyanin accumulation in detached corollas. Corollas 
were detached and incubated in water (W), 150 mM SUC (S), 10 ~ L M  

CA, (G), or SUC and CA, (S+G). After 48 h, anthocyanin was 
extracted and measured. Values are means 2 SE of seven replications. 

show that Suc is required for GA,-induced anthocyanin 
synthesis. 

Sugar Uptake by Detached Corollas 

GA, may promote Suc uptake by corolla cells, leading to 
the activation of anthocyanin biosynthetic gene transcrip- 
tion. To test this possibility, we first incubated detached 
corollas in 150 mM Suc for 24 h to eliminate the effect of 
endogenous GAs (Weiss et al., 1992, 1995) and then added 
[14C]Suc. GA, was added to the medium 2 h later and 
samples of GA,-treated and nontreated corollas were taken 
periodically for radioactivity measurements. The level of 
radioactivity increased with time with or without GA, in 
the growing medium (Fig. 2A) and was almost linear for up  
to 24 h (data not shown). GA, enhanced Suc uptake, an 
effect observed as early as 15 min after its application (Fig. 
2A). The level of radioactivity found in GA,-treated corol- 
las was always 20 to 30% higher than that in nontreated 
corollas. 

We then tested the effect of various GA, concentrations 
on SUC uptake. Detached corollas were treated as described 
except that various concentrations of GA, were used, rang- 
ing from of O to 1 0 0 . p ~ .  After 2 h of incubation with the 
hormone, tissues were taken for radioactivity measure- 
ments. The promotive effect of GA, on Suc uptake was 
dependent on its concentration (Fig. 2C); a maximal effect 
was observed at 10 p ~ ,  whereas at the higher concentra- 
tion of 100 p ~ ,  a lower promotive effect was observed. 

SUC uptake is an active process, and as such should be 
temperature-dependent (Williams et al., 1990). To test the 
effect of temperature on SUC uptake, we conducted the 
above experiment at both 4 and 25°C. Incubating corollas at 
the low temperature inhibited Suc uptake in both the pres- 
ente and absence of GA, (Fig. 2B). The level of SUC taken 
up by corollas that were treated with both Suc and GA, at 
25°C was about 2-fold that at 4°C. These results support 
our assumption that Suc is taken up by cells via an active 
process. 

We also examined the effect of GA, on the uptake of 
other sugars. We incubated detached corollas in 150 mM 
SUC, Glc, or mannitol for 24 h and then added [14C]Suc, 
[14C]Gl~, or [14C]mannitol. GA, was added to the growth 
medium 2 h later, and after an additional2 h, GA,-treated 
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and nontreated corollas were sampled for radioactivity
measurements. GA3 enhanced Sue and Glc uptake, with the
radioactivity levels found in both treatments in the pres-
ence of GA3 being about 20% higher than those found in
the sugar controls (Fig. 2D). The level of radioactivity
found in corollas treated with mannitol was low and was
not affected by GA3. This suggests that Sue and Glc, but not
mannitol, are taken up by corolla cells.

Sue Uptake Is Not Directly Related to chs Induction

We examined the effect of Sue concentrations in the
growth medium on Sue uptake. Detached corollas were
incubated in the presence of various Sue concentrations,
from 0 to 150 mM. After 24 h, [14C]Suc was added, and 2 h
later, GA3 was added in half of the samples to a final
concentration of 10 /HM. Corollas were incubated for an
additional 2 h and then radioactivity was measured. In-
creasing Sue concentration in the solution promoted Sue
uptake, and GA3 further enhanced it by 20 to 30% (Fig. 3A).
The amount of Sue taken up by corollas held at low Sue
concentrations with or without GA3 was much lower than
that taken up by corollas that were held at high Sue con-
centrations with or without GA3.

If GA3 induces chs expression by increasing the intracel-
lular level of Sue, then at a low Sue concentration, GA3
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Figure 2. Sugar uptake by detached corollas. A, Detached corollas
were incubated in 150 mM Sue for 24 h and then [14C]Suc was added
with (•) or without O 10 /XM CA3. After the specified times, samples
were taken for radioactivity measurements. Values are means ± SE of
15 replications. B, Detached corollas were incubated in 150 mM Sue
for 24 h and then [14C]Suc was added. Tissues were then incubated
at 25°C with (•) or without (D) 10 /XM GA3 or at 4°C with (•) or
without (O) CA3. At the specified times, samples were taken for
radioactivity measurements. Values are means ± SE of 10 replica-
tions. C, Detached corollas were incubated in 150 mM Sue for 24 h
and then ['"CJSuc was added with the specified concentration of
CA3. After 2 h tissues were taken for radioactivity measurements.
Values are means ± SE of 10 replications. D, Detached corollas were
incubated in 150 mM Sue (S), Glc (GI), or mannitol (Ma) for 24 h and
then (14C]Suc, [MC]Glc, or [MC]mannitol was added with (stippled
column) or without (empty column) 10 /IM GA3. After 2 h, samples
were taken for radioactivity measurements. Values are means ± SE of
15 replications.
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Figure 3. Effect of Sue concentration on Sue uptake, anthocyanin
accumulation, and chs expression. A, Detached corollas were incu-
bated in different Sue concentrations for 24 h and then |'4C]Suc was
added with (•) or without O 10 ^M GA3. After 2 h samples were
taken for radioactivity measurements. Values are means ± SE of 15
replications. B, Detached corollas were incubated in different Sue
concentrations with (•) or without (D) 10 fiM GA3. After 48 h tissues
were taken for anthocyanin determination. Values are means ± SE of
7 replications. C, Detached corollas were incubated in different Sue
(S) concentrations for 24 h and then 10 /AM GA3 (GA) was added.
After 24 h RNA was extracted from GA3-treated ( + ) and nontreated
(-) corollas. Equal amounts of RNA, as evident by ethidium bromide
staining, were loaded and chs mRNA levels were analyzed.

would not be expected to induce the process. To test this
assumption, we incubated detached corollas in several Sue
concentrations with or without GA3 and determined an-
thocyanin levels 48 h later. The content of anthocyanin in
corollas held without GA3 was low and was not affected by
the concentration of Sue in the medium (Fig. 3B). When
corollas were grown in the presence of GA3, a dose-
dependent response to Sue concentration was evident. As
Sue concentration increased, the promotive effect of GA3
on anthocyanin accumulation was enhanced (Fig. 3B),
reaching a maximum at 300 mM (data not shown). We next
examined the effect of Sue concentration on chs expression.
Corollas were first incubated in the presence of Sue con-
centrations ranging from 15 to 150 mM for 24 h and then
GA3 was added. After a further incubation for 24 h, the
corollas were extracted and chs mRNA was analyzed. The
expression of chs was induced by GA3 at all of the Sue
concentrations tested and the highest transcript level was
found in corollas treated with 75 mM Sue (Fig. 3C). These
results suggest that the level of Sue in the cells does not
affect chs induction but is related to the intensity of GA3
action, both on chs expression and anthocyanin synthesis.

Further evidence supporting our contention that GA3
does not induce chs expression directly via the promotion
of Sue uptake by corolla cells was obtained from experi-
ments in which we tested the effects of PCMBS, a sulfydryl-
modifying reagent (Williams et al., 1990), and vanadate, an
inhibitor of plasma membrane H+-ATPase (DuPont et al.,
1981). Detached corollas were incubated in 150 mM Sue and
after 22 h vanadate or PCMBS was added to a final con-
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centration of 0.5 and 1 mM, respectively. [14C]Suc was
added 2 h later, and after a further 2 h, GA3 was added. The
corollas were incubated for an additional 2 h and then
radioactivity was measured. Both PCMBS and vanadate
inhibited Sue uptake by about 40% and completely abol-
ished the promotive effect of GA3 on this process (Fig. 4A).

To examine whether these inhibitors also affect chs in-
duction by GA3, we incubated detached corollas in a 150
mM Sue solution for 24 h, then we added PCMBS or van-
adate, and 2 h later we added GA3. RNA was extracted
after a short period (6 h) of incubation, and chs expression
was analyzed. Neither inhibitor eliminated the induction of
chs expression by GA3 (Fig. 4, C and D). PCMBS slightly
reduced the level of chs expression, whereas vanadate had
no effect. These results show that, although PCMBS and
vanadate completely inhibited GA3-promoted Sue uptake,
they did not do the same to gene induction. In several
experiments, PCMBS and vanadate were added with Sue
but without GA3 and had only a small, insignificant effect
on the basal levels of chs expression (Fig. 4, C and D).
However, these effects were not reproducible in other ex-
periments (data not shown).

We also tested the effect of the inhibitors on GA3-
induced anthocyanin accumulation. Detached corolla limbs
were incubated in the same solutions as before (Fig. 4A),
and after 48 h, anthocyanin was measured. Vanadate par-
tially inhibited and PCMBS completely abolished the effect
of the hormone on pigment accumulation (Fig. 4B). How-
ever, it should be emphasized that anthocyanin accumula-
tion was measured after rather long periods of incubation
(48 h). Since PCMBS affects much of the existing sulfhydryl
groups in the cell and vanadate inhibits the overall proton-
pumping activity of the plasmalemma, both chemicals are

1 900

1
7 300

« 100

A

I

L

n
= S S»G S»V

l inn
S»P S»G»V S*G

< 0.000

B

n
L

n n l l n
S S»G S*V S»P S*G*V S»G»P

C
C/ll

mRNA
SW S«G S«G«V

Figure 4. Effect of PCMBS and vanadate on Sue uptake, anthocyanin
accumulation, and chs expression. A, Detached corollas were incu-
bated in 150 mM Sue, and after 22 h, 1 mM PCMBS (P) or 0.5 mM
vanadate (V) was added. [14CJSuc was added 2 h later with (C) or
without 10 JU.M GA3. Corollas were incubated for a further 2 h and
then taken for radioactivity measurements. Values are means ± SE of
10 replications. B, Detached corollas were incubated in the same
solutions as before (as in A) and after 48 h the tissues were taken for
anthocyanin determination. Values are means ± SE of 7 replications.
C and D, Detached corollas were incubated in Sue (1 50 mM) for 24 h.
C, +1 mM PCMBS (P); D, +0.5 mM vanadate (V). After 2 h, 10 /AM
GA3 (C) was added, and 6 h later RNA was extracted from GA3-
treated ( + ) and nontreated (-) corollas. Equal amounts of RNA, as
evident by ethidium bromide staining, were loaded and chs mRNA
levels were analyzed.
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Figure 5. Effect of 3-O-methylglucose on anthocyanin accumulation
and chs expression. A, Detached corollas were incubated in water
(W), 150 mM Sue (S), 150 mM Glc (GI), or 150 mM 3-O-
methylglucose (Megl) with (stippled column) or without (empty col-
umn) 10 /LIM GA3. After 48 h tissues were taken for anthocyanin
determination. Values are means ± SE of 10 replications. B, Corollas
were detached and incubated for 24 h in water (W) or in 150 mM Sue
(S), Glc (GI), or 3-O-methylglucose (Megl) and then transferred to the
same solutions with ( + ) or without (-) 10 /J.M GA3. After 24 h RNA
was extracted from the corollas. Equal amounts of RNA, as evident by
ethidium bromide staining, were loaded and chs mRNA levels were
analyzed.

probably phytotoxic after such long incubation periods
and, therefore, their inhibitory effects on pigment accumu-
lation are not specific for GA3 action.

Metabolic Sugars Are Required for Both chs
Expression and Anthocyanin Synthesis

We showed previously that Glc but not mannitol acts
similarly to Sue in the induction of chs expression (Weiss et
al., 1992). Mannitol was not taken up by the corollas (Fig.
2D) and apparently does not play a role in regulating the
osmotic potential of corolla cells. We incubated detached
corollas with 3-O-methylglucose, a nonmetabolic deriva-
tive of Glc that has been previously shown to be taken up
by plant cells and to modify their osmotic potential (Co-
lombo et al., 1978). Corollas were incubated for 48 h with or
without GA3 in water, Sue, Glc, or 3-O-methylglucose and
then anthocyanin levels were determined. As before, GA3
promoted anthocyanin accumulation when applied with
Sue or Glc (Fig. 5A). In contrast, when the corollas were
incubated with 3-O-methylglucose, only a small effect was
observed. Nevertheless, this effect was slightly higher than
that of water alone.

We also tested the effect of 3-O-methylglucose on chs
induction by GA3. Detached corollas were incubated for
24 h in water or in a Sue, Glc, or 3-O-methylglucose solu-
tion and then transferred to similar solutions with or with-
out GA3. After a further 24 h, the tissues were analyzed for
chs expression. GA3 induced chs expression when applied
with Sue or Glc (Fig. 5B); however, when it was applied
with water alone or with 3-O-methylglucose, only a low
level of expression was found. These results suggest that
modifications of cell osmotic potential play only a minor
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role, if any, in the effect of sugars on GA,-induced chs 
expression. 

We tested the effect of other sugars on GA,-induced 
anthocyanin accumulation. Detached corollas were incu- 
bated in water or in 150 mM solutions of various sugars 
with or without GA,, and after 48 h, anthocyanin contents 
were measured. Only metabolic sugars enhanced GA,- 
induced anthocyanin accumulation; the nonmetabolic 
mannitol and sorbitol had no effect (Fig. 6). A11 of the 
metabolic sugars promoted GA, induction to various de- 
grees. The most effective sugar was Glc. SUC and Gal had 
lower, intermediate effects, and Fru, trehalose, and inositol 
had the lowest, albeit significant effects. 

D I SC U SS I ON 

The induction of anthocyanin synthesis and anthocyanin 
biosynthetic gene expression by GA, in detached petunia 
corollas requires the presence of sugar in the growth me- 
dium. Sugars may serve as specific signals for the activa- 
tion of specific genes, as cellular osmotic regulators, or as a 
general energy source for carbon metabolism in the devel- 
oping flower. 

In this work we first examined the possibility that GA, 
enhances the intracellular level of SUC, which in turn acti- 
vates the expression of chs and other genes. In a previous 
study we monitored the rate of Suc uptake by fresh corollas 
exposed to [14C]Suc immediately after detachment (Weiss 
and Halevy, 1989). In that study we did not find enhance- 
ment of Suc uptake following GA, application. In later stud- 
ies we found that corollas at stage 3 contain high levels of 
endogenous GAs (Weiss et al., 1995) and that the response to 
exogenous GA, could be measured only after several hours 
of incubation (Weiss et al., 1992). Accordingly, in the present 
study we used an alternative system in which detached 
corolla limbs were first incubated for 24 h in a Suc solution 
to eliminate the possible effects of endogenous GAs. Only 
then did we add GA, to study its effects. Using this exper- 
imental system, we found that GA, promoted SUC uptake by 
20 to 30% (Fig. 2A) in a concentration-dependent manner, 
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Figure 6. Effect of different sugars o n  CA,-induced anthocyanin 
accumulation. Detached corollas were incubated in water or 150 mM 

mannitol (Ma), sorbitol (Sor), inositol (Ino), Fru (Fr),  trehalose (Tr), 
Suc (S) ,  Cal (Cal), or Clc (GI), with or without 10 p~ CA,. After 48 h 
corollas were taken for anthocyanin measurements. The anthocyanin 
increment was calculated as the difference in A530 between CA3- 
treated and nontreated corollas. Values are means 5 SE of 10 
replications. 

with a maximal effect at 10 p ~ ;  lower and higher hormone 
concentrations had smaller effects. Similar responses to GA, 
concentration were also found for chs expression and antho- 
cyanin accumulation (D. Weiss, unpublished results). Thus, 
a positive correlation was revealed between the effects of 
GA, on SUC uptake and on chs expression and pigmentation, 
raising the possibility of their interrelationship. However, 
several pieces of evidence indicated that the increased intra- 
cellular level of SUC, which was promoted by GA,, is not the 
mechanism by which the hormone activates chs in the CO- 

rolla. The level of Suc taken up by corollas grown in high 
Suc concentrations without GA, was much higher than the 
level taken up by corollas grown in low SUC concentrations 
with GA, (Fig. 3A). However, whereas chs expression was 
not induced at high sugar concentrations in the absence of 
GA,, it was induced at low SUC concentrations in the pres- 
ente of the hormone. Furthermore, the inhibitors PCMBS 
and vanadate, which completely abolished GA,-promoted 
Suc uptake (Fig. 4A), did not promote the induction of chs by 
the hormone. These results suggest that GA, promotes chs 
expression and SUC uptake independently. 

Sugars can regulate gene transcription by signaling a 
specific receptor that leads to the synthesis of trans-acting 
regulatory proteins (Kim et al., 1991). The possibility that 
sugars play a similar role in the activation of chs expression 
is supported by studies of Arabidopsis and soybean leaves 
showing that sugars regulate chs expression directly 
(Tsukaya et al., 1991; Sadka et al., 1994). In addition, 
Tsukaya et al. (1991) reported the existence of a region 
within the petunia chs promoter that shares homology with 
the "SUC box" of the sweet potato sporamin promoter and 
suggested that the petunia chs gene is regulated in flowers 
by intracellular sugar levels. Our results, however, do not 
support this suggestion. An increased intracellular level of 
SUC was not sufficient to induce chs expression; it required 
the presence of GA,. Kim et al. (1991) showed that the 
tobacco PI-II gene is induced in leaves by wounding and 
that this effect is enhanced by sugar, whereas sugar alone 
had no effect on intact leaves. Accordingly, they suggested 
the existence of two cis elements within the PI-I1 promoter: 
a wound- and a sugar-responsive element. They also sug- 
gested that the sugar-responsive element is an enhancer, 
not an inducer. 

Sugar may play a similar role in petunia corollas: it does 
not induce chs expression on its own, but it enhances the 
effect of GA,, perhaps by inducing a specific trans-acting 
factor, which, in turn, binds to the sugar box in the chs 
promoter. Our results indeed show that changes in the 
intracellular level of SUC affect GA,-induced chs expression 
and anthocyanin accumulation. When detached corollas 
were grown in various Suc concentrations complemented 
with GA, a maximal level of chs expression was found at 
75 mM SUC (Fig. 3C), and a maximal accumulation of an- 
thocyanin was found at 300 mM (data not shown). The 
saturation of these responses at such high concentrations 
does not support the possibility that sugars act as a signal. 
Moreover, several sugars were found to affect pigmenta- 
tion similarly (Fig. 6): the possibility that any of them could 
serve as a specific signal is small. Nevertheless, one of the 
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sugar degradation products may directly induce or en- 
hance chs expression. 

Sugars promote flower development by regulating the 
osmotic potential of the cells (Halevy and Mayak; 1981). 
The results of the present study suggest that sugars may 
have a limited role in the promotion of GA,-induced gene 
expression and pigmentation via modifications of the os- 
motic potential of corolla cells. In addition to the effects of 
metabolic sugars that are taken up by the cells and were 
found to induce anthocyanin synthesis (Fig. 6), the results 
of an experiment using the nonmetabolized Glc derivative 
3-O-methylglucose at least partially support this sugges- 
tion. This compound is known to be taken up by cells 
(Colombo et al., 1978) and to modify their osmotic poten- 
tial. When applied with GA,, it slightly promoted cks ex- 
pression and anthocyanin accumulation. This suggests that 
modifications in the osmotic potential of the cells, medi- 
ated by sugars, may create a condition that facilitates the 
GA activation of chs expression in developing corollas. 
Still, it is possible that the methylglucose is partially de- 
methylated and, consequentially, the free Glc enters the 
carbohydrate metabolism. This possibility, however, is not 
supported by any experimental results. 

Our results provide indirect support for the suggestion 
that the main role of sugar in the enhancement of GA, 
responses is as a source of carbohydrates for carbon metab- 
olism, probably to be used for energy. It should be noted 
that in petunia corollas GA, induces not only the expression 
of the anthocyanin biosynthetic genes but also that of several 
other genes. For example, we recently reported that GA, 
induces expression of the glycolytic triose? isomerase gene 
(Ben-Nissan and Weiss, 1995) and the S-adenosylmethionine 
synthetase gene (Izhaki et al., 1996) in petunia corollas. The 
induction of various genes from different metabolic path- 
ways probably requires the activation and synthesis of many 
different transcriptional factors (Weiss et al., 1992). Indeed, 
several myb-type regulatory genes have been identified in 
petunia corollas and their expression is induced by GA, 
(Mur, 1995). The induction of many regulatory and struc- 
tural genes and of protein synthesis may depend on the 
availability of large sources of energy. We propose that this 
is the main function of sugars in this process. 

In conclusion, in this study we showed that sugars are 
required for GA,-induced chs expression and anthocyanin 
synthesis in petunia corollas. Although GA, promotes SUC 
uptake, this is probably not the mechanism by which the 
hormone affects chs expression. Our results support the 
possibility that sugars are essential as a general source of 
carbohydrates for this process. 
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